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Abstract 
A procedure for Lignosulphonate valorisation is investigated. An attempt has been made 
to obtain diverse value-added products maximizing the atom economy. This procedure is 
carried in sequential steps starting with an oxidative depolymerization in supercritical 
water. Next, the reaction mixture is fractionated according to its solubility in water and 
in ethyl acetate. Several analytical methods - CHN elemental analysis, aqueous GPC and 
31P-NMR - were used to determine the composition of these fractions and to assess their 
suitability for different applications. Water-insoluble fractions were converted to a lignin-
derived hydrochar for the synthesis of active carbon of superior quality. Monomers were 
recovered from bio-oil fraction by supercritical carbon dioxide extraction and the 
remaining oil is proposed as a potential starting material for the synthesis of polyurethane 
foams.  
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1.-Introduction 
Replacement of fossil sources of carbon for fuels and chemicals by renewable feedstocks 
is one of the main targets for the development of a sustainable economy. In that regard, 
the concept of biorefinery, as a structure able to efficiently convert different types of 
biomass into useful chemicals is envisaged as one promising approach to achieve this 
target. [1,2]   
Among all the types of biomass, lignocellulose is the most widely available source of 
carbon. Lignocellulosic biomass is mainly composed of cellulose, hemicellulose and 
lignin. Unlike the two first components, which have been successfully converted into a 
wide range of platform chemicals and bio-fuels, [1] lignin has been relatively 
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underutilized, mainly due to the technical difficulties to depolymerize it. However, to 
develop a biorefining process that is both cost-efficient and green, lignin must also be 
processed and valorised. [2]  
Many attempts have been made to convert lignin into value-added compounds, most of 
them via depolymerisation. [2-8] However, a high selectivity and yield towards one 
specific product has rarely been achieved. Instead a wide range of compounds such as 
monomers, oligomers, tar, char and gases are obtained. The only notable commercial 
process has been the production of vanillin from lignosulfonates (LS) [9,10] but this route 
is less and less competitive in comparison to the petrochemical-based vanillin due to the 
large amount of wastes generated. [11]  
Instead of targeting one single chemical, a more realistic approach would be to convert 
lignin into a mixture of compounds that together have a particular application such as 
biofuels, [12,13] adhesives [14] or feedstock for the synthesis of other chemicals.[15,16] 
Another potentially attractive way forward is to utilize lignin and lignin-derived materials 
for the synthesis of polymers such as polyurethanes [17-20] acrylics [21] or epoxy resins. 
[22] However, these starting materials are often unsuitable for reasons such as the 
presence of impurities (sugars and mineral ashes in kraft lignins and lignosulfonates), 
high polydispersity and molecular weight or variability in the composition.  
One of the main difficulties faced when processing lignin is the complexity of the analysis 
and the lack of standardized protocols. [20] The structure of lignin is highly variable and 
it greatly depends on the type of wood and the method of separation from cellulose and 
hemicellulose. [2] Also, as already mentioned, lignin depolymerization yields a wide 
range of components and to analyse them one-by-one is not a realistic option. In a 
previous report, [23] we suggested that measuring overall parameters (such as 
characteristic chemical functionalities, molecular weight distribution, etc.) can be a cost-
effective alternative to individual analysis and almost as informative, enabling the choice 
of an appropriate analytical techniques giving the best relevant information for the 
particular application targeted.  
Most reports about lignin valorisation have focused on obtaining a product (pure or 
mixture of compounds) to fit a single purpose and the by-products from these treatments 
would have, in principle, little use and are considered as a residue. However, according 
to the “atom economy” principle of Green Chemistry, [24] all the matter obtained from 
lignin processing should be valorised. [2] For instance, Borges da Silva et al. [17] 
proposed that the by-products obtained from the production of vanillin from lignin could 
be used for the production of polyurethanes. However, further reports that exploit this 
idea are still scarce.  
In this paper, we want to highlight the importance of an appropriate analytical protocol 
to design a multi-purpose procedure to valorise lignin. Optimization and analysis must be 
carried out hand to hand since the results obtained can be used to locate the optimal 
conditions. Lignosulphonate was depolymerized via oxidative treatment in supercritical 
water (SCW) and the product fractionated. The different fractions were analysed using 
CHN elemental analysis, Gel Permeation Chromatography (GPC) and 31P-NMR to 
identify their potential application, e.g. active carbon, polymer synthesis, etc. The 
fractions were further treated to better match their characteristics to those required for a 
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particular application. For instance, the bio-oil obtained was extracted with supercritical 
CO2 to separate monomers from oligomeric compounds. The results of these procedures 
have been monitored using suitable analytical techniques.  
2.- Experimental 
Lignosulphonate, LS (Borregaard, Lignotech) was depolymerized in a continuous flow 
reactor. Figure 1a shows a simplified diagram of the experimental setup arrangement. An 
aqueous solution of H2O2 (0.811% w/w) is pumped through a pre-heater (PH) at ca 400 
ºC where it decomposes to molecular oxygen. Then the mixture of O2/SCW is driven into 
the reactor where it encounters another aqueous stream (solution of LS, 50000 ppm and 
NaOH 1 M) flowing in the opposite direction. The reactive mixture is quenched with a 
third stream of cold water (Q), again flowing in opposed direction. The reaction mixture 
is cooled down further by a heat exchanger and then depressurized by a Back Pressure 
Regulator (BPR) located downstream. With this reactor design, residence times of few 
seconds can be achieved. Reaction temperature and pressure are 390 ºC and 230 bar 
respectively, as they were the optimum parameters from previous reports. [23] All the 
components were pumped by means of HPLC pumps. Flowrates are SCW/O2: 15.0 
mL/min; LS/cat: 5.1 mL/min, Quench: 7.5 mL/min. Details of this apparatus can be found 
elsewhere. [23,25,26] If properly designed, the uncertainty for this experimental layout 
can be kept below 3%. [27] 
  
Figure 1. simplified scheme of the experimental device for a) SCW depolymerization 
of lignosulphonate b) scCO2 extraction of aq-E fraction. PH = preheater, BPR = Back 
Pressure Regulator 
 
445 g of lignosulphonate, was processed in this reactor in a long reaction that lasted 
several hours. All the samples obtained were combined and the resulting product was 
fractionated according to its solubility in water and in ethyl acetate following a similar 
procedure to that previously described [23] The sample was acidified to pH = 3 using 
concentrated sulphuric acid added dropwise A solid fraction precipitates and the water-
solubles and water-insolubles are separated by filtration. Both fractions were then 
extracted with ethyl acetate (AcEt) to obtain an extract and a residue of the aqueous 
fraction (aq-E and aq-R respectively), and the extract and the residue of the solid fraction 
(s-E and s-R respectively). The solvent was then removed from each fraction  under 
reduced pressure. An scheme of the fractionation procedure is shown in figure 2. The 
main difference between this process and the one that was described in the literature is 
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that the water-insolubles are still wet when they are extracted so s-E and s-R could include 
small amounts of salts from aq-E.  
 
Figure 2. Scheme of the fractionation procedure 
Supercritical CO2, scCO2, extraction was carried out in semi-continuous mode. A 
schematic of the apparatus is shown in Figure 1b. The sample was placed inside a high-
pressure reactor of 60 mL fitted with inlet and outlet tubes. The cell is mechanically 
stirred and heated up with a resistance. An HPLC pump with cooled pumphead (-10 ºC) 
drove liquid CO2 into the cell while an automated Back Pressure Regulator (BPR) kept 
the pressure of the system constant. Extracts were recovered after the BPR in a collection 
vial. Conditions of the extraction were T = 40 ºC and P = 150 bar. The extraction was 
carried out in two stages: 1) Batch mode: cell is filled with CO2 at the operating conditions 
and left for 30 min; 2) flow mode: 1 g/min of CO2 for 2 hours.  
The fractions from the HTW depolymerization and from scCO2 extraction were 
exhaustively analysed following the protocols described in reference 23. A summary of 
these procedures is given next: 
Elemental microanalyses for C, H, and N were carried out on an Exeter Analytical CE-
440 elemental analyser. 
Functionality, FOH, was defined as the average number of -OH groups per 7 atoms of 
carbon (guaiacyl unit). It was determined by 31P-NMR after derivatization with 2-Chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane. [28] This technique distinguishes between 
aromatic, aliphatic -OH and -COOH moieties. An internal standard (cyclohexanol) was 
added to determine the concentration of each type of hydroxyl and the functionality.  
High performance liquid chromatography (HPLC) was used to quantify the yields of the 
monomers obtained from lignin depolymerisation. The analysis was performed using an 
AgilentTM 1100 series with an XterraTM C-18 column and a single wavelength UV 
detector at 230 nm.  
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Molecular weight distribution was obtained by Gel Permeation Chromatography (GPC) 
using a modified AgilentTM 1100 HPLC fitted with a GPC column (Jordi Gel 
Sulphonated Plus 10000 Å 250 x 10 mm). An isocratic method (1 mL/min) is followed 
using a mixture of water + methanol 90:10 (v/v) adjusted to pH = 12 as the mobile phase. 
The temperature of the column was 35 ºC and the injection volume is 25L. Two 
detectors, Refractive Index and UV-Vis (254 nm) were placed in series with a delay in 
retention time of 0.31 min.  
3.-Results and discussion 
3.1.- Assigning potential uses to the fractions (Mass balance and analysis). 
Table 1 summarizes the main characteristic parameters of the different products obtained 
from SCW depolymerization of lignin and subsequent fractionation. 24.7 % of the starting 
lignin was recovered in the aq-E, s-E and s-R fractions. The rest of the mass has been 
either remained unreacted, was lost during the fractionation procedure or has been totally 
oxidized to CO2. Also, starting LS has an inorganic content of ca 20% [29] that has 
probably been concentrated in the aq-R fraction. [23] 
Table 1. Yield, CHN elemental analysis and -OH functionality for the main fractions 
obtained from SCW oxidative depolymerization of LS.  
 LS aq-E s-E s-R 
%Yield  14.9 7.7 2.1 
Elemental Analysis 
%C 38.45 58.3 66.9 55.5 
%H 4.61 5.63 5.10 3.94 
%Other 56.94 36.0 28.0 40.6 
O:C (mol/mol) 0.721 0.463 0.314 0.549 
H:C (mol/mol) 1.44 1.16 0.91 0.85 
Functionality, FOH 
Aromatic –OH  0.752 0.356 0.321 
Aliphatic –OH  0.135 0.031 0.068 
COOH  0.353 0.079 0.093 
TOTAL  1.28 0.47 0.50 
 
Values of CHN elemental analysis are displayed in Table 1. Negligible amounts of 
nitrogen were detected in all of the fractions. The “%Other” figure corresponds to the 
mass of the sample not accounted for C and H. i.e. oxygen and possibly inorganic ash but 
the latter is not expected to be significant in the fractions analysed. [23] H:C is the molar 
ratio of hydrogen and carbon in the sample. It gives some indication of the relative 
proportions of double bonds; cycles and aromatic rings vs aliphatic material present.  
Ratio H:C varies in the following order: aq-R > s-E > s-R. Which indicates a higher 
proportion of aromatic rings/double bounds in the solid fractions. This is probable 
because the solids are products from repolymerization by condensation reactions. [23] 
The so-called Krevelen diagrams [30] depict %C, %H and %O as H:C vs O:C atomic 
ratios. They usually reveal some interesting information about the properties of the 
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material and the transformations carried out. [31] In this case, these diagrams can be 
built making some assumptions: %O can be estimated as the difference between the 
%Other and %ash in the feedstocks.[32]  %ash for LS and aq-R is 20% and 0% 
respectively [29]. Assuming the inorganic ash comes from sodium sulfonate groups 
present in LS and since no %S is present in the rest of the fractions (s-R, aq-E), a 
plausible approximation is to consider that these former fractions contain no ash. Figure 
3 shows estimated Krevelen diagrams for the samples in Table 1 and some others 
obtained from reference 23 for comparison.  
 
 
Figure 3. Estimated van Krevelen diagram for different lignins and fractions from their 
oxidative depolymerization. (,): LS, This work, (,): LS, reference 23 (,) 
Organosolv, reference 23. Hollow symbols correspond to the starting lignins. The 
arrows indicate the trajectory of different kind of transformations.[31] Hydrolisis and 
dehydration follow lines of slope +2 (but opposite direction). Slope of demethylation 
and oxidation lines depends of the reference point which was arbitrarily chosen as (0.4, 
1). then demethylation line has a slope of -2.5 and oxidation line of -0.625.  
 
Figure 3 shows some interesting information that is plausible with previously reported 
data.[23] All samples S-R and s-E are grouped in two differentiated clusters which 
indicates that they have similar chemical composition regardless the original lignin and 
the treatment. These fractions are typical of hydrochar materials [33,34] and seem to 
have been originated from dehydration reactions. [33] The exception is s-R in this work 
which lies at higher values of O:C, suggesting the presence of inorganic impurities as 
stated below. Notice also that s-R cluster is displaced to higher O:C and lower H:C 
values which indicates less number of methyl groups as confirmed by NMR in reference 
23.  
Aq-E have a more variable chemical composition. In general, they are located at higher 
values of H:C and O:H than the starting lignin indicating it undergoes a 
depolymerization via hydrolysis. However, the slope is much lower than +2 which is 
consistent to additional oxidation mechanisms. Initial lignins lie within typical values. 
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[33] The exception is the LS used in this work, which has unusually higher values for 
H:C and O:C. This can be indicative of leftovers of carbohydrates or cellulose in the 
lignin,[34] which would also explain the unusually low yields as these would burn in 
oxidative environment.  
Table 1 also shows the proportion of -OH moieties and the total functionality calculated 
from 31P-NMR. Aq-E fraction shows a particularly high functionality with 1.28 -OH 
groups per C7 unit. FOH for the solid fractions is much lower. The proportion of -COOH 
moieties is relatively high for all the fractions due to oxidative ring opening via quinone 
intermediates.[23]  
Figure 4 shows the GPC chromatograms for the three main fractions and the initial LS. 
The peaks between 11.6 and 12.5 min correspond to monomers from depolymerization; 
retention times between 11 and 11.6 min   are typical of oligomeric compounds (dimers 
and trimers, M = 250 – 1000 D aprox.) whereas peaks at lower retention times correspond 
to higher molecular weight fractions.[23] 
The solid fractions were mainly composed of high molecular weight compounds and a 
small amount of oligomers (particularly in s-E). This is consistent with what was obtained 
previously. [23] However, aq-E shows three peaks, the two larger ones correspond to 
monomeric and oligomeric components; a much smaller peak at retention time between 
11 and 10.5 indicates higher molecular weight compounds.[23]  
 
Figure 4. GPC traces (molecular weight distribution) for ( ): LS, ( ): aq-E 
fraction, ( ): s-E fraction, ( ): s-R fraction. 
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From the previous analyses, one can observe two distinctive types of fractions. On one 
hand, aq-E shows a high degree of depolymerisation, and aromatic functionality, and the 
molecular weight distribution determined by GPC reveals that this fraction contains most 
of the monomers generated by depolymerisation. Having the monomers concentrated into 
one fraction is desirable because it makes it easier and more efficient to recover them. 
Once separated, the remaining oligomeric mixture could be used as a raw material for 
polyurethane synthesis. 
s-E and s-R on the other hand contains repolymerization products with a high content in 
carbon, high aromaticity and lower functionality. [23] These last fractions, which are 
usually envisaged and undesirable by-products are the so-called hydrochar with potential 
uses in synthesis of carbon materials, among others. [35]  
3.2.- Solid fractions as precursors for active carbon synthesis 
Although s-E and s-R have similar characteristics, [23] a closer inspection of Table 1 
reveals significant differences in their carbon content. The H:C ratio for the s-R is the 
lowest of all the fractions indicating high aromaticity but the figure for %Other is 
anomalously high. Krevelen diagram in figure 3 also indicates an inconsistent 
composition for this particular sample. This suggests that this fraction could contain a 
mineral impurity, which is possible because the water insoluble solids are not dried before 
extraction and therefore they must contain a certain amount of Na2SO4 from 
neutralization that is concentrated in aq-R.  
s-E has the appearance of a very viscous dark tar. It also contains a certain amount of low 
molecular weight compounds which may give the material its fluid consistency which 
makes it difficult to handle. The tar was heated in an oven at 80 ºC for three days which 
turned it into a solid material that could not be redissolved in EtAc. GPC was used to 
monitor the progress of this treatment (see figure 5 which was measured on a similar 
fraction). Upon thermal treatment, a chemical change occurs to the sample; the proportion 
of low molecular weight components (oligomers) decreases while the high molecular 
weight components increase.  
 
Figure 5. Effect of thermal treatment on molecular weight distribution for an aq-E 
fraction. Tb = 80 ºC after: ( ): 0 days, ( ): 1 day, ( ): 3 days. 
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The resulting solid (Lignin Derived Hydrochar) was used for further investigation by 
Sangchoom and Mokaya. [29] They demonstrated that it was an excellent precursor for 
the synthesis of active carbon, since it did not require further demineralization steps and 
has a high carbon content. Certainly, the inorganic contents, i.e. the sulphate from LS and 
from neutralization of NaOH were retained in other fractions as described above. 
Moreover, the resulting active carbons had superior properties in terms of surface area 
and gas uptake. [29] 
3.3.- Recovery of the monomers from the liquid fraction.  
Many separation techniques have been applied to isolate the monomers from 
depolymerization reaction mixtures. [36] Liquid extraction using a range of organic 
solvents is one of the preferred strategies because of its simplicity. In this work, we chose 
ethyl acetate as the extraction solvent due to its low toxicity. Supercritical fluid extraction 
(SFE) has also been applied to isolate vanillin directly from the solution but we preferred 
the approach of Klemola and Tuovinen [37] where they performed a sequential extraction 
first with toluene and then with scCO2. In our work, the bio-oil fraction (aq-E) rich in 
monomers was extracted using scCO2 and both the extract and residue were analysed to 
understand the extraction process and to establish whether further uses for the materials 
obtained. The scCO2 extraction was also compared to an ordinary extraction with toluene.  
A one-step liquid extraction with toluene was done as follows: 0.5 g of aq-E and 25 mL 
of toluene were placed in a capped flask. The mixture was stirred for 48 h. the extract was 
recovered and the solvent was removed in a rotary evaporator. The supercritical CO2 
extraction to 1.6 g of aq-E was carried out using the equipment and procedure described 
in the experimental section.  
The yield of extract was calculated by mass in relation to the mass of the original sample 
of aq-E. Using toluene, 46% of extract was obtained whereas using scCO2, the proportion 
of extract was 31 %. Figure 6 shows a comparison of the GPC chromatograms for the 
extract and residues using these solvents. The extracts were mainly composed of 
monomeric compounds with a small proportion of oligomers. However, comparing the 
relative size of the peaks, it is clearly seen that scCO2 extraction is much more selective 
towards monomers than toluene extraction.  
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Figure 6. Comparative GPC analysis of  the products from the extraction of bio-oil aq-E 
using: ( ): scCO2, ( ): Toluene. a) residue, b) extract.  
The extract and residues from scCO2 extraction of the aq-E fraction were analysed in 
more detail by HPLC and 31P-NMR. Figure 7 Show the HPLC chromatograms for the 
extract and the residue  
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Figure 7. HPLC traces for the products from the extraction of aq-E with scCO2. ( ): 
extract, ( ): Residue. Peaks at retention times of 6.6, 7.3 and 8.3 min correspond to 
Vanillin, Guaiacol and acetovanillone respectively.  
Three major peaks were observed in the HPLC trace of the extract: Vanillin, VAN, 
Guaiacol, GUA and acetovanillone, AcV. The presence of these components was 
confirmed by GC-MS. The concentration of the main components was quantified. The 
analysis of the residue show that small amounts of VAN and AcV still remained after 
SFE. GUA however was almost completely extracted (Table 2, first column).  
The second column of Table 2 lists the proportion of each monomer referred to the total 
mass of extract. i.e. the selectivity.  Only three compounds account for 57.4% of the 
total extract. VAN is concentrated up to 34.5%. Isolating a desired compound would be 
obviously much easier from this mixture. If the amount of each compound is related to 
the initial amount of lignin loaded an overall yield of monomers of 2.64% is obtained, 
which is in the same order of magnitude as previous reports. [23] 
Table 2. Quantification of Vanillin, Guaiacol and acetovanillone extracted from aq-E: 
percentage extracted, selectivity and overall yield.  
 % Extracted % (w/w) 
Selectivity 
% Yield 
(overall) 
VAN 87 % 34.5 1.59 
GUA 92 % 16.3 0.75 
AcV 78 % 6.5 0.30 
TOTAL  57.4 2.64 
 
In order to optimize a procedure based on CO2 SFE of the bio-oil, It would be 
interesting to investigate if scCO2 extracts preferentially one type of compounds. In that 
regard analysis of functionalities for the extract and residue can be useful. In figure 8, 
the proportion of -OH moieties (aliphatic, aromatic and -COOH) determined by 31P-
NMR are shown. Extraction with scCO2 is selective towards the aromatic (guaiacyl) 
units in contrast to molecules containing carboxylic groups, which tend to remain in the 
residue. The proportion of aliphatic groups, remains almost unaltered upon extraction. 
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Figure 8. Proportion of the different types of -OH moieties distributed over the extract 
and the residue after scCO2 extraction. (): Carboxylic, (): Aliphatic, (): Aromatic. 
A final functionality of 0.887 hydroxyl groups per C7 unit is determined for the residue 
obtained from scCO2 extraction. That is equivalent to 6.16 molOH/g or to a hydroxyl index 
of 345. Optimum values for a material to be used for the synthesis of a polyurethane foam 
are between 300 and 800. [17] Moreover, the material obtained has a moderate molecular 
weight (250 – 1000 D approx.) and it is not expected to have mineral ash. [23] These 
characteristics seem to be suitable for the objective pursued. [18] Further research could 
be done to upgrade the quality of this material but, as shown, a successful optimization 
procedure must involve the determination of the functionality and molecular weight.  
Conclusions  
A procedure to convert lignosulfonate into several value-added materials by oxidative 
depolymerization in supercritical water followed by fractionation has been designed. 
Water-insoluble fractions consist of a high molecular weight material with high carbon 
content. They were converted to a lignin-derived hydrochar which is an excellent starting 
material for the synthesis of active carbon of superior quality. Bio-oil fractions are 
composed by monomers and oligomers. The former are recovered by scCO2 extraction 
whereas the latter form a material of high functionality and moderate molecular weight 
suitable for the synthesis of polyurethane foams. Proper analytical methods such as CHN 
elemental analysis, GPC, HPLC and 31P-NMR were essential to determine the 
composition and potential uses of each fraction in each step of the valorisation process.  
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Figure captions 
Figure 1. simplified scheme of the experimental device for a) SCW depolymerization of 
lignosulphonate b) scCO2 extraction of aq-E fraction. PH = preheater, BPR = Back 
Pressure Regulator 
Figure 2. Scheme of the fractionation procedure 
Figure 3. Estimated van Krevelen diagram for different lignins and fractions from their 
oxidative depolymerization. (,): LS, This work, (,): LS, reference 23 (,) 
Organosolv, reference 23. Hollow symbols correspond to the starting lignins. The 
arrows indicate the trajectory of different kind of transformations.[31] Hydrolisis and 
dehydration follow lines of slope +2 (but opposite direction). Slope of demethylation 
and oxidation lines depends of the reference point which was arbitrarily chosen as (0.4, 
1). then demethylation line has a slope of -2.5 and oxidation line of -0.625.  
Figure 4. GPC traces (molecular weight distribution) for ( ): LS, ( ): aq-E 
fraction, ( ): s-E fraction, ( ): s-R fraction. 
Figure 5. Effect of thermal treatment on molecular weight distribution for an aq-E 
fraction. Tb = 80 ºC after: ( ): 0 days, ( ): 1 day, ( ): 3 days. 
Figure 6. Comparative GPC analysis of  the products from the extraction of bio-oil aq-E 
using: ( ): scCO2, ( ): Toluene. a) residue, b) extract.  
Figure 7. HPLC traces for the products from the extraction of aq-E with scCO2. ( ): 
extract, ( ): Residue. Peaks at retention times of 6.6, 7.3 and 8.3 min correspond to 
Vanillin, Guaiacol and acetovanillone respectively.  
Figure 8. Proportion of the different types of -OH moieties distributed over the extract 
and the residue after scCO2 extraction. (): Carboxylic, (): Aliphatic, (): Aromatic. 
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